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Abstract 
The inclusion of storage systems in renewable-based energy systems is a promising option to 
boost the reliability of power supply for offgrid communities. A major consideration is the cost 
and performance of the selected storage system. This study investigates different energy 
storage combinations to form a hybrid energy storage system (HESS). The goal is to exploit 
the complementary characteristics of each storage system. The effects of system degradation 
on energy output and replacement costs over a 20-year period are analysed and used in 
obtaining the Levelised Cost of Hybrid Energy Storage Systems (LCOHESS); which can be 
used as a basis for comparing the techno-economic benefits of different HESS configurations. 
The model is run with data for a community in the Northern Cape Province, South Africa, to 
show the best HESS option that could be deployed by rural electrification planners and 
investors, based on the value of LCOHESS obtained.  
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NOMENCLATURE 
APV                     Area of one PV panel 
CRN              Cycle ranges 
dfN                  Capacity degradation 
constant 
DG          Diesel Generator 
DoD             Depth of discharge 
EHESS-CHG     Energy to charge the HESS 
EHESS-DCHG  Energy discharged by the HESS 
G(t)        Solar irradiation (kWh/m2) 
HESS       Hybrid Energy Storage System 
HFC       Hydrogen Fuel Cell 
LHESS          Lifetime of HESS (in years) 
Li-ion       Lithium ion (batteries) 
m             Number of cycles 
n            Project life      
NPV           Number of PV panels 
NWT      Number of wind turbines 
PDG      Power supplied by the diesel 
generator 
PHESS-CHG Power needed to charge the 
hybrid energy storage system 
PHESS-DCHG  Power discharged from the 
hybrid energy storage system 
PLOAD           Power demand by load 
PPV            Power from the solar PV panels 
PR              Ratedpower of the wind turbine 
PSUPPLY      Power from all sources 
PWT(t)       Power from the wind turbines 
Pb-acid    Lead acid batteries 
PV     Photovoltaic  
r              discount rate 
RE     Renewable energy 
SC        State of Charge of HESS 
SCmin    Minimum state of charge of HESS 
SCmax     Maximum state of charge of HESS 
TEIC    Total equipment and installation  
costs 
TOM     Total operations and maintenance 
costs 
TREP    Total replacement costs 
VCI            Cut-in speed of the wind turbine 
VCO           Cut-out speed of the wind turbine 
VW(t)        Wind speed of the area 
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1.0 INTRODUCTION 
Electricity has been identified as one of the most important driving forces in national 
development, as it affects all spheres of the community – economic, health, education, 
employment and industrialisation. The provision of electricity in this day focuses on its 
availability, reliability and affordability. Renewable energy (RE) sources have been adopted 
and deployed in many off-grid projects recently. However, incorporating RE sources has raised 
concerns about the level of reliability due to the intermittency of solar and wind supply, and 
solutions proffered include adopting energy storage options like batteries, flywheels, pumped 
hydro storage systems, supercapacitors, fuel cell systems, etc. [1][2]. The inclusion of energy 
storage in RE-based system improves the penetration of RE sources for power production [1], 
reduces fuel costs and emissions from fossil-fueled generation sources [3] and maximises the 
reliability of the power system [4]. In South Africa, the energy storage systems which show 
most promise include lithium-ion batteries and supercapacitors, while those with moderate and 
limited potential include sodium sulphur batteries, flywheels, hydrogen fuel cells, sodium 
nickel chloride batteries [5,6].  
The following sections present a review of hybrid energy storage systems (HESS) as they 
function in grid-tied and off-grid systems; characteristics of single storages; basis for selection 
of storages for a HESS and its associated system costs and concludes by analysing the levelised 
costs of five hybrid energy storage system configurations. 
 
2.0    LITERATURE REVIEW 
Different storage options have their particular attributes which make them more suitable for 
some applications than others, whether deploying them for load shaving, price arbitrage, peak 
demand curtailment, or in electric vehicles. The attributes such as response times, energy 
densities, power densities, size, cost of operation and other technical and economic criteria can 
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serve as a basis for the choice of storage systems in every design situation. In order to take 
maximum advantage of these technical parameters and operating characteristics, a coupling of 
two energy storage can be combined to form a hybrid energy storage system (HESS) [2] [7]. 
The resultant HESS adopts the complementary attributes of its sub-storage systems to improve 
on its technical and economic characteristics. 
Hybrid energy storage systems can be installed in grid-tied systems which require smoothening 
of power generation in short periods and storage for night use, as in a battery-supercapacitor 
hybrid design by [8].  The selection of storage systems to form a HESS could be based on the 
combination that gives the highest Net Present Value (NPV), [9] or based on the effects of 
regulations, policies and technical and financial constraints [10]. Techno-economic criteria for 
power-dense and energy-dense storage systems were evaluated using a decision matrix [7], 
while another study [11]  considered load demand satisfaction and cost.  
It is also important to investigate the effect of system wear and tear or degradation, since the 
storage capacity of the systems may be reduced after being in use for a while. Storage cycles 
are dependent on operating strategies and Chengquan et al [12] designed a two-layer structure 
for operating a battery-supercapacitor HESS to cater for different operating time scales. The 
cycling of the storage system also has a profound effect on the lifetime, as a higher number of 
cycles generally result in a shorter lifetime. This was shown in [13], where costs were assigned 
to battery cycles with the aim of obtaining an optimisation approach close to the true costs of 
operating the battery. The influence of degradation on the economic viability of storage 
systems in regulatory markets was presented in [14]. 
In [15], the authors identify the Levelised Cost of Energy Storage (LCOES) as the breakeven 
price of charging and discharging electricity from batteries. Another study on the Levelised 
Cost of Energy (LCOE) for Li-Co2 batteries considered the degradation costs per cycle and per 
kWh and recommended that the cost of Li-Co2 batteries needs to be reduced to $200/kWh to 
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be economically competitive [16]. When considering time-scales in analysing LCOS for the 
lithium-ion battery, costs were lowest for shorter durations  (hours and days), but expensive for 
long (seasonal) storage purposes [17]. The inclusion of more revenue sources for storage in 
grid networks via ancillary services, demand charge mitigation and demand response also 
found that lithium-ion batteries give better returns on investment [18]. Comparatively, LCOS 
analysis of a pumped heat energy storage system [19] showed it as being cost-competitive with 
other storage options depending on the efficiency of the system and capital cost incurred. In 
most of these works studied however, the degradation costs of other storage options or hybrid 
storage systems were not considered in their analyses. A grid-tied system in which the storage 
is used for energy arbitrage considers battery degradation and authors incorporated a penalty 
factor in the objective function [20], but operating and maintenance costs were not included in 
their analysis either. Similar work on batteries in grid-tied networks studies the effect of 
constraining storage capacity limits on revenue, degradation and lifespan of batteries only [21].  
From the above, a lot of research has gone on in the area of energy storage - its applications, 
hybridisation and economic benefits. However, none (to the best of our knowledge) has looked 
into the techno-economic analysis of different HESS configurations, or the effects of system 
degradation on the levelised costs of storage of the HESS.  This work contributes to knowledge 
in the field of electrical energy storage for stationary applications by considering the effects of 
storage system degradation on the overall performance and system costs of each HESS over 
the project lifetime (of 20 years). A microgrid consisting of solar PV panels, wind turbines and 
diesel generation is used to verify our developed methodology. Investigation of the effects of 
storage system degradation on the economics of storage systems is crucial since it provides a 
suitable benchmark for comparing HESS systems and this affects the decisions of project 
planners, investors, end users and all stakeholders involved in deploying HESS systems.  
 
6 
 
3.0  HYBRID ENERGY STORAGE SYSTEMS  
This is a combination of different energy storage systems based on their individual 
characteristics to give a system with better characteristics [2,8] – higher energy density, higher 
power density, faster response times, extended battery life [22] , lower annual number of cycles 
[23], less replacement costs [24], etc. 
Several storage options are available globally - on a small or large scale, with different 
geographical, resource, space or cost constraints. Within the South African energy market, 
storage technologies identified to have a high relevance based on maturity, performance and 
reliability include lead acid batteries, lithium ion batteries and supercapacitors [6]. Also, 
programmes to exploit platinum reserves and promote research on hydrogen and fuel cell 
technologies are ongoing in South Africa, as it has been identified to have over 75% of the 
world’s platinum reserves [25]. Thus, lead acid batteries, lithium ion batteries, supercapacitors 
and hydrogen fuel cells are being considered for the HESS configurations in this study. 
 
3.1.1 Hydrogen Fuel Cells (HFC): 
The Hydrogen fuel cell (HFC) system consists of a stack of fuel cells, an electrolyser, a 
hydrogen storage tank and auxiliary components like pumps, compressors, humidifiers, etc. 
Excess electricity is used to break down water molecules to produce hydrogen gas and this is 
stored in the tank. When electricity is needed, the fuel cells generate electricity from the stored 
hydrogen gas. 
HFCs have a higher energy density under low temperatures, are capable of long-term storage, 
have low self-discharge losses and can support long-term, steady-state operation [26].   
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3.1.2  Supercapacitors 
They are used for their fast charge-discharge rates and very high power density which makes 
them suitable for handling surges in power demand [27]. They are also characterised by high 
efficiency of about 95% [28] and a large number of life cycles.  
3.1.3  Lithium-ion batteries 
The Li-ion battery characteristics make them applicable for RE-based systems, but a slight 
drawback is the higher cost when compared with lead-acid batteries. In this study, a deep-cycle 
LiFePO4 type of Li-Ion battery has been selected, over a Lithium-NCA type. The Li-FP type’s 
ageing is less affected by the depth of discharge (DoD) and it has greater abuse tolerance [20].  
It has a 100% depth of discharge feature, operates at close to 100% of its designed performance 
between temperatures of 20OC and 60OC and has a lifetime of 3000 – 5000 cycles. Its 
degradation in capacity output after a certain number of cycles is presented in Table 1 [29], 
which will be used to obtain the expected total energy output over the project lifetime in Section 
3.4.  
Table 1: Capacity degradation and cycle ranges of Li-Ion battery [29] 
Cycle ranges (CRN) Capacity Degradation 
constant (dfN)  
Capacity at 100 cycles  102% 
Capacity at 101 – 500 cycles 96.3% 
Capacity at 501 – 1000 cycles 90.8% 
Capacity at 1001 – 1500 cycles 85.4% 
Capacity at 1501 – 2000 cycles 80.1% 
Capacity at 2001 – 5000 cycles 75%  
 
3.1.4 Lead acid batteries 
Among all batteries used in RE applications worldwide, lead acid batteries are the most 
commonly used, varying in ratings (75Ah, 100Ah, 200Ah, 240Ah), types (absorbent glass mat 
(AGM), gel, flooded),  and sizes (2V, 6V, 12V, 24V). They have longer lifetimes when 
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discharged to a smaller depth of discharge (DoD). The economic implication of this, is the 
higher implementation costs, as more batteries are needed.  
3.2 Justification for selected EES combination for the HESS 
In analysing which storage technologies should be considered for a HESS in a RE-based offgrid 
system, three technical and three economic factors were considered. These include power 
density, energy density and response time, while the economic factors were the initial cost of 
equipment and installation, replacement costs and operational lifetime [7]. In this work, HFCs 
which have high energy density and slower response times are coupled with systems that have 
high power density and faster response times, such as supercapacitors and batteries. This 
ensures that even for sudden power demands or supplies of a different timescale  (seconds), the 
fast-acting sub-storage of the HESS can provide or absorb power to restore the system balance. 
Also, supercapacitors which are relatively expensive are coupled with less expensive systems.  
Summarily, a combination which can reduce the total investment costs over the project lifetime 
with improved overall system efficiency was sought and these are considered for further 
analysis: 
Table 2: Combination of sub-storages meeting the six techno-economic criteria of the HESS 
 HESS 1 HESS 2 HESS 3 HESS 4 HESS 5 
 HFC Li HFC Pb HFC SC SC Pb SC Li 
High power density  Y  Y  Y Y Y Y Y 
High energy density Y Y Y Y Y   Y  Y 
Fast response time  Y  Y  Y Y Y Y Y 
Low capital costs  Y  Y  Y Y Y Y Y 
Low replacement 
costs 
Y  Y  Y Y Y  Y  
Long lifetime Y  Y  Y  Y  Y  
Y- Yes: for storages exhibiting that attribute more, relative to the second storage in 
the HESS 
HFC- Hydrogen Fuel Cell 
Li – Lithium ion battery 
Pb- Lead acid battery 
SC- Supercapacitor 
[2,7,8] 
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System 1: Hydrogen Fuel Cells (HFC) and Lithium-Ion batteries (HFC - Li-ion HESS) 
System 2: Hydrogen fuel cells (HFC) and Lead-acid batteries (HFC-Pb-acid HESS) 
System 3: HFC- Supercapacitors (HFC-SC) 
System 4: Supercapacitors and Lead-acid batteries (SC - Pb-acid HESS) 
System 5: Supercapacitors – Lithium Ion batteries 
 
3.3:  System modelling 
The power generation sources in this study comprise of solar photovoltaic (PV) panels, wind 
turbines and diesel generating units [30], while the storage system is a hybrid configuration of 
two complementary storage systems.  
 
Figure 1: Schematic diagram showing microgrid power sources, storage and loads. 
The microgrid system discussed in previous sections and depicted in Figure 1 is modelled with 
the equations (1) to (11) using the Advanced Interactive Multidimensional Modelling System 
(AIMMS) software. The methodology used in obtaining the LCOHESS is depicted in Figure 
2. 
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Input model in AIMMS and run
Obtain the values of 
parameters, variables’ ranges 
and constraints’ limits
Obtain State of Charge values and 
energy discharged within 24 hours 
Apply degradation factors to cycle 
range output and the HESS annual 
energy discharge to obtain HESS 
lifetime energy discharge
Compute LCOHESS for each HESS 
and analyse results
Get system lifetime costs for 
each HESS
Develop math model 
 
Figure 2: Flowchart of methodology of computing LCOHESS 
The objective function of the model minimises the fuel costs of the diesel generator. The system 
costs of the wind turbines, solar panels or diesel generator providing power are not included in 
the simulation in this study. Similarly, the storage costs are not included in, and do not influence 
the simulation. But when the model is run with the aim of minimising diesel costs, the results 
obtained from the simulation determine the storage capacity and costs considered in more detail 
in Section 3.4. The power output from the diesel generator for every hour within a 24-hour 
period is represented by PDG(t), Cf  is the cost of diesel per litre and  the constants a, b, and c, 
are the diesel generator coefficients [31]. 
Minimize 𝐶𝑓 ∗  ∑ (𝑎𝑃𝐷𝐺
2𝑁
𝑡=1 (𝑡) + 𝑏𝑃𝐷𝐺(𝑡) + 𝑐)           (1) 
From [32], we have the wind speeds at hourly intervals, VW(t), and can obtain the power 
available every hour of the day from a wind turbine with rated power PR from;  
𝑃𝑊𝑇 =  𝑁𝑊𝑇 ∗  
𝑃𝑅(𝑉𝑊(𝑡)
3 − 𝑉𝐶𝐼
3 )
(𝑉𝑊𝑅
3 − 𝑉𝐶𝐼
3 )
        for VCI <= VW(t) <=VWR (2) 
PR is the rated power of the turbine, VCI and VCO are cut-in and cut-out speeds of the turbine, 
VWR is the rated wind speed for the turbine and NWT is the number of installed wind turbines. 
For wind speeds outside the range in Equation (1), the following conditions [33] hold: 
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  𝑃𝑊𝑇 = 0    for VW(t) < VCI and VW(t)> VCO     (3) 
𝑃𝑊𝑇 =  𝑁𝑊𝑇 ∗  𝑃𝑅    for VWR < VW(t) < VCO              (4) 
 
Similarly,  the hourly solar PV power, PPV(t) for actual solar radiation values from [32] are  
obtained from Equation (5), where the efficiency of the PV panels is represented by PV, solar 
irradiation is G(t), the area of one panel is APV and the number of installed panels is NPV. 
 𝑃𝑃𝑉(𝑡) =  𝑁𝑃𝑉 ∗  𝑃𝑉  ∗ G(t) ∗ 𝐴𝑃𝑉    (5) 
Thus the total power supplied is given as: 
𝑃𝑆𝑈𝑃𝑃𝐿𝑌(𝑡) =   𝑃𝐷𝐺(𝑡) + (𝐼𝑁𝑉 ∗  𝑃𝑃𝑉(𝑡) +  𝑃𝑊(𝑡)  (6) 
where PSUPPLY(t) is the total power supplied from the diesel generator - PDG(t), the solar PV 
panels - PPV(t) and the wind turbines, PW(t) at every time interval. The efficiency of the inverter 
is denoted by 
𝐼𝑁𝑉
(see Table 3) 
 
An energy storage system must be sized to meet the power and energy requirements of the 
loads and supply [34]. Thus, power needed to charge the HESS, PHESS-CHG and the power 
discharged from the HESS, PHESS-DCHG, are computed as: 
𝑃𝐻𝐸𝑆𝑆−𝐶𝐻(𝑡) =  𝑃𝑆𝑈𝑃𝑃𝐿𝑌(𝑡) −  𝑃𝐿𝑂𝐴𝐷(𝑡);     t > 0;           (7a) 
𝑃𝐻𝐸𝑆𝑆−𝐶𝐻(𝑡) =  𝑃𝐸𝑆𝑆1−𝐶𝐻(𝑡) +  𝑃𝐸𝑆𝑆2−𝐶𝐻(𝑡)           (7b) 
                      𝑃𝐻𝐸𝑆𝑆−𝐷𝐶𝐻(𝑡) =  𝑃𝐿𝑂𝐴𝐷(𝑡) − 𝑃𝑃𝑆𝑈𝑃𝑃𝐿𝑌(𝑡) ;  t > 0;     (8a) 
𝑃𝐻𝐸𝑆𝑆−𝐷𝐶𝐻(𝑡) =  𝑃𝐸𝑆𝑆1−𝐷𝐶𝐻(𝑡) + 𝑃𝐸𝑆𝑆2−𝐷𝐶𝐻(𝑡)           (8b) 
where PLOAD(t) is the hourly load demand, PESS1-DCH(t) and PESS2-DCH(t) are the powers 
discharged from sub-storages 1 and 2 respectively and PESS1-CH(t) and PESS2-CH(t) are the powers 
used to charge sub-storages 1 and 2 respectively.. For each storage system, the sub-storages 
contribute to the power to charge or discharged from the overall HESS as presented in 
Equations 7b, 8b [7] based on the limitations that :  
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-   within every interval, either sub-storage 1, sub-storage 2 or both can charge, or discharge or 
be idle: 
- the power demand-supply balance at every interval is maintained. 
-  the energy demand-supply balance of the day is achieved.  
- the energy demand from the sub-storage has not exceeded the capacity it was sized for. 
 
The constraints used in this model are presented in equations 9, 10 and 11. The power balance 
constraint is shown in (9), ensuring that all power generated is used up or stored, and that all 
power demanded is met by one or more of all the supplies and storage;  
𝑃𝐿𝑂𝐴𝐷(𝑡) +  𝑃𝐻𝐸𝑆𝑆−𝐶𝐻(𝑡) =   𝑃𝐷𝐺(𝑡) +  𝑃𝑃𝑉(𝑡) +  𝑃𝑊(𝑡) +  𝑃𝐻𝐸𝑆𝑆−𝐷𝐶𝐻(𝑡)     (9) 
The state of charge of the HESS, SCHESS(t), at every time interval is defined in (10) below, and 
the constraint limiting the state of charge between the minimum (SCHESS-MIN) and maximum 
(SCHESS-MAX) storage capacity is defined in (11):  
     𝑆𝐶𝐻𝐸𝑆𝑆(𝑡)  =  𝑆𝐶𝐻𝐸𝑆𝑆(𝑡 − 1) +  𝑃𝐻𝐸𝑆𝑆−𝐶𝐻(𝑡) −  𝑃𝐻𝐸𝑆𝑆−𝐷𝐶𝐻(𝑡)           (10) 
𝑆𝐶𝐻𝐸𝑆𝑆_𝑀𝐼𝑁 ≤  𝑆𝐶𝐻𝐸𝑆𝑆(𝑡) ≤  𝑆𝐶𝐻𝐸𝑆𝑆−𝑀𝐴𝑋  (11) 
 
Table 3: Values of parameters used in the model 
SOLAR PV  WIND 
Area of one panel - APV (m2) 1.9188 Rated power of turbine- VWR (kW) 3  
Efficiency of panel - 
PV
 0.1668 Rated wind speed (m/s) 10 
DIESEL GENERATOR Cut-in speed- VCI (m/s) 2 
Cost of diesel per litre ($) 0.9 Cut-out speed- VCO (m/s) 40 
Diesel generator coefficients 
a, b, c. 
0.246, 0.0815, 
0.4333 
Efficiency of inverter 
𝐼𝑁𝑉
 0.95 
 
 The load ranging from a minimum of 9.42kW to a maximum of 69.58kW, as shown 
in Figure 3 was also used in the model.  
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Figure 3: Load profile 
The result of the system modelled above is presented in Figure 4 and is analysed to obtain the 
optimal power needed from the hybrid energy storage system. This optimal power is crucial in 
obtaining the LCOHESS as the cost of storage is highly dependent on the power required of 
the storage system [35] and the maximum state-of-charge obtained [36] . The cost of storage 
systems is normally presented in relation to its energy capacity ($ per kWh) or in relation to its 
power capacity ($ per kW) [8,36].  
 
Figure 4: Power supply, loads and HESS status over a 24-hour period 
The charging of the storage system is presented in Figure 4 as the positive slope of the PHESS-
CHG- and-PHESS-DCHG line, while discharging occurs during the negative or downward slope. At 
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periods when the load is more than supply (such as from 6.00 to 8.00 and 17.00 to 19.00) the 
HESS discharges to satisfy the unmet demand. Similarly, it charges when load is less than 
supply (such as from 00.00 to 05.00 and 14.00 to 16.00). Evaluation of results from Figure 4 
give the highest power discharged from the HESS at any interval as 38.94kW, while the total 
energy discharged from the HESS is 95.64kWh. Thus 38.94kW is used as the minimum 
capacity of the HESS that satisfies the limits and constraints of the system design. This is 
equally split between the two ESS, requiring that each ESS of the HESS must have minimum 
capacity rating of 19.47kW, and able to supply 47.82kWh during the day. The system costs for 
each kind of storage system considered based on this minimal capacity requirement is thus used 
in Section 3.4 when obtaining system costs. In addition, the rain-flow cycle counting method 
and sample waveform of [23] is applied to obtain the number of  cycles of the HESS within a 
24-hour period (denoted by m in Section 3.4). Applying this to the waveform of the storage 
charging and discharging in Figure 4, the number of cycles, corresponding with the charge-
discharge pattern of the  HESS (PHESSCHG-and-PHESS-DCHG line) is identified as 3. This number 
of cycles passed through has a direct influence on energy output and lifetime and is considered 
in obtaining the levelised cost of the different HESSs. 
3.4 Levelised Cost of Hybrid Energy Storage System (LCOHESS)  
Levelised cost of energy (LCOE) is obtained as a ratio of the lifetime costs of the system to the 
lifetime energy production. It was developed as a means of comparing electricity costs from 
renewable energy sources and from conventional sources [19].  Thus, it is useful in comparing 
technologies with differing lifetime costs, capacities and potential revenue. The levelised cost 
of storage (LCOS) framework in [19,37,38] based on the LCOE formulation is adapted and 
improved upon for a hybrid energy storage system to give the Levelised cost of hybrid energy 
storage systems (LCOHESS). The effect of degradation on the lifetime energy output of the 
hybrid storage system (EHESS(t)) is included in this work to capture the importance of 
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degradation in making informed decisions on the choice of hybrid storage systems to be 
deployed for a project. The LCOHESS formulation is thus presented as:  
LCOHESS (
$
kWh
) =   
TEIC+ ∑
𝑇𝑂𝑀+𝑇𝑅𝐸𝑃
(1+𝑟)𝑛
    𝑁𝑛 
∑
𝐸𝐻𝐸𝑆𝑆
(1+𝑟)𝑛
𝑁
𝑛   
             (12) 
with TEIC representing Total Equipment and Installation Costs, TOM as Total Operating and 
Maintenance costs, TREP as Total Replacement costs and EHESS as the expected energy output 
from the HESS with degradation incorporated. The discount rate r and project lifetime n is 
taken as 8% and 20 years respectively. Further details on these costs are given in Section 3.5. 
 
In LCOS analysis, data required for calculations include the daily cycles, degradation factors 
and its associated range of cycles for the storage systems and the project lifetime. E0 represents 
the energy output on the first day of operation, thus not having gone through any degradation. 
The total energy output of the HESS till the end of the project can be computed using the 
following equations. 
 In Equation (13), the daily number of cycles is represented by m (from Section 3.3) , CRn 
represents the cycle range  associated with the degradation factor dfn (see Table 1) and  kn 
represents the number of years the system shall operate under the corresponding dfn,  
𝑘𝑛 =  
𝐶𝑅𝑛
𝑚∗365
                 (13) 
The operational lifetime (in years) for which the ESS can operate is obtained by adding all the 
values of kn. The number of replacements that would be required during the operational lifetime 
of the system is given by iREP:  
𝑖𝑅𝐸𝑃 =  
𝑃𝑟𝑜𝑗𝑒𝑐𝑡 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
∑ 𝑘𝑛
𝑁
𝑛
     (14) 
With E0 representing the initial energy discharged from the storage system in the first day, the 
total energy discharged from the hybrid system during its lifetime, EHS is shown as; 
𝐸𝐻𝑆 =  ∑ (𝑑𝑓𝑛 ∗  𝐸0) ∗  
𝐶𝑅𝑛
𝑚
𝑁
𝑛           (15) 
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Thus, the total energy output from the storage system throughout the project lifetime, which is 
required in equation (12) is given thus: 
𝐸𝐻𝐸𝑆𝑆 = 𝐸𝐻𝑆 ∗  𝑖𝑅𝐸𝑃              (16) 
3.5 System Costs of a Hybrid Energy Storage System. 
The total system costs are obtained from the equipment and installation costs, operating and 
maintenance costs and costs of replacement. 
Equipment costs (TEIC):  These involve both equipment and installation costs and are referred 
to as capital expenditure (CAPEX) [19] or investment costs [38]. Typical costs of equipment 
include the cost of purchasing batteries, electrolysers, fuel cells, supercapacitors and hydrogen 
storage tanks, etc. Market prices of these components vary depending on the size. Installation 
costs incurred include cost of software licenses, accessories, labour costs for installation and 
all civil work that might be required for commissioning of the system. The combined 
equipment costs for each of the sub-storage systems based on the capacity rating (19.47kW and 
47.82kWh) gives the equipment costs of the HESS combination. 
Table 3: Average costs of energy storage system equipment 
Equipment  Unit Cost 
HFC system (per kW) $4,485 
12V 200Ah Lithium ion batteries $2,399 
12V 240Ah AGM Lead acid batteries $721 
125F Supercapacitors $2,300 
   *Prices as at April 2018 
 
Operation and Maintenance costs (TOM): Maintenance costs could be incurred as inspection 
costs - involving physical inspection for bulges or dents, damaged terminals or adequate 
ventilation for batteries, or monitoring leakages in the HFC system tubes and tanks. It could 
also include purchase and installation of small spare parts.  
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Replacement costs (TREP): These are determined by the number of years the initial installation 
lasts for and include the costs of a new set of equipment and its associated installation costs. 
The number of replacements required over the project lifetime is given by iREP in (14), thus 
TREP is: 
TREP($) = TEIC ∗ (iREP − 1)            (17) 
4.0    RESULTS AND DISCUSSION  
In this study, different storage systems have been combined to form a HESS meeting certain 
technical and economic criteria.  A comparison of these different HESS configurations based 
on the LCOHESS is presented below. The final determinant of which of the HESS to operate 
depends on which HESS has the lowest LCOHESS value. From the data and equations stated 
above, the Levelised Cost of Hybrid Energy Storage Systems are calculated and the results are 
presented in Table 4 and 5: 
Table 4: LCOHESS computation results (with capacity degradation considered) 
WITH 
DEGRADATION 
TEIC 
($) 
TOM 
($) 
TREP 
($) 
EHESS 
(kWh) 
LCOHESS 
($/kWh) 
System 1:  
HFC-Li-ion  138,286 12,571 146,309 586,799 0.5064 
System 2:  
HFC-Pb acid 116,685 10,608 302,270 596,848 0.7197 
System 3:  
HFC-SC. 905,664 16,093 96,064 655,306 1.5532 
System 4: 
SC– Pb acid 830,221 9,235 206,206 638,254 1.6383 
System 5:  
SC. - Li-ion  851,822 11,198 50,245 628,204 1.4538 
From Table 4, the most economical HESS based on the LCOHESS evaluation which considers 
degradation in the storage system is identified as the Hydrogen Fuel cell and Lithium-ion 
HESS. This is followed in order by the HFC–Lead acid HESS, the Supercapacitor-Lithium ion 
HESS, then the HFC- Supercapacitor and the Supercapacitor-Lead acid HESS. These 
LCOHESS values can be used as a criterion to determine the most suitable HESS to operate.  
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A further analysis to establish the effect of degradation on final LCOHESS is presented in 
Table 5. Here, the effect of degradation has been excluded and it is assumed that the power 
output from the storage system is constant till a replacement is due or the project lifetime has 
been completed.  
 
Table 5: Results of LCOHESS calculations, without capacity degradation considered. 
WITHOUT 
DEGRADATION 
TEIC 
($) 
TOM 
($) 
TREP 
($) 
EHESS 
(kWh) 
LCOHESS 
($/kWh) 
System 1:  
HFC-Li-ion  
 
138,286 12,571 146,309 689,412 0.4310 
System 2:  
HFC-Pb acid 
 
116,685 10,608 302,270 682,112 0.6298 
System 3:  
HFC-SC. 
 
905,664 16,093 96,064 689,412 1.4763 
System 4: 
SC– Pb acid 
 
830,221 9,235 206,206 689,412 1.5167 
System 5:  
SC. - Li-ion  
 
851,822 11,198 50,245 696,712 1.3108 
 
Considering the results presented in Tables 4 and 5, it is seen that LCOHESS analysis needs to 
be inclusive of the effects of system degradation. In Figure 5, when degradation is not 
considered, we find all the HESS have a lifetime energy output within the range of 680 MWh 
to 700MWh.  The variation in energy outputs of each HESS when comparing  outputs with and 
without degradation as shown in Figure 5, varies from a minimum of 34.11MWh in the HFC-
supercapacitor HESS to a maximum of 102.61MWh in the HFC-Lithium ion battery HESS. 
The figure also shows that the HFC-SC hybrid storage was found to have the highest lifetime 
energy output when degradation is considered.  
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Figure 5: Lifetime HESS energy outputs - with and without degradation  
4.1 Sensitivity analysis: 
As storage becomes more popular due to improvements in technology, inclusion of tax rebates 
and incentives in favour of adopting energy storage technologies, storage market prices could 
fall at the rate of 8.1% annually [15] over the next few decades. Despite the fact that these 
reductions do not have an impact on equipment and installation costs incurred in the first year, 
they would affect the replacement costs, TREP, in the coming years significantly and give 
lower LCOHESS values. It should be noted that although supercapacitor-based HESS do not 
benefit from decreasing storage prices as they are not replaced during the project lifetime, the 
other ESS they are coupled with offers some reduction in the LCOHESS values. An annual 
decrease of 8% in storage prices over 20 years impacts the replacement costs, and in turn the 
LCOHESS as presented in Table 6.  
Table 6: LCOHESS with improved lifetime costs at 8% per year 
HESS 
configuration 
LCOHESS with degradation in 
energy output ($/kWh) 
 LCOHESS without degradation 
in energy output ($/kWh) 
HFC-Li 0.3595 0.3060 
HFC-Pb 0.3859 0.3376 
HFC-SC 1.4703 1.3976 
SC – Pb 1.4112 1.3065 
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SC – Li 1.4030 1.2650 
 
A graphical comparison between the LCOHESS values with and without the annual 8% 
decrease in prices is also presented in Figure 6. 
 
Figure 6: Impact of annual 8% reduction on storage costs on LCOHESS 
 
Another factor which impacts on the LCOHESS is the degradation factor considered in the 
analysis. Future improvements in storage technologies can provide more efficient systems in 
which degradation may not play such a significant role. For this, the range of degradation 
factors from 100% to 75% after 5000 cycles is changed to a range of 100% to 85% after 5000 
cycles. With this consideration, the energy output of the HESS over its lifetime would be 
higher, thus reducing the LCOHESS. 
Table 7: LCOHESS with a maximum of 85% degradation in energy output 
HESS 
configuration 
LCOHESS with up to 
85% degradation in 
energy output ($/kWh) 
 LCOHESS without 
degradation in energy 
output ($/kWh) 
HFC-Li 0.4942 0.4310 
HFC-Pb 0.6949 0.6298 
HFC-SC 1.5332 1.4763 
SC – Pb 1.6061 1.5167 
SC – Li 1.4400 1.3108 
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The results of analysis presented in Tables 4 to 6, have detailed the effects of degradation on 
the Levelised cost of hybrid energy storage systems. The influence of changes in future storage 
prices and in degradation levels has also shown a significant difference in LCOHESS costs per 
kWh, when degradation is considered and when it is not. 
5.0 CONCLUSION  
Storage systems have shown a lot of promise in promoting the adoption of renewable energy 
systems worldwide. In this work, the optimal operation of an offgrid power system with hybrid 
energy storage systems incorporated in it, was analysed with the aim of reducing fuel costs of 
the diesel generator. Optimisation results were used in calculating the levelised cost of different 
hybrid energy storage systems based on their specific equipment, installation, operation and 
maintenance and replacement costs over a project lifetime of twenty years. The influence of 
storage system degradation on the LCOHESS was thereafter considered for the different 
combinations of HESS. From the analysis, the HFC-SC HESS has the highest lifetime energy 
output, when storage degradation is considered, while the Hydrogen fuel cell-Lithium ion 
battery HESS was identified as the most cost-effective of all the HESS combinations based 
having the lowest LCOHESS value of 0.5064$/kWh. The impact of a future reduction in 
storage prices showed improved LCOHESS values from 0.5064$/kWh to 0.3595$/kWh for the 
HFC-Li, while increased energy output due to technological advancements improved 
LCOHESS values from 0.5064$/kWh to 0.4942$/kWh. This study has also shown that the 
effects of storage system degradation should be emphasised in economic studies. Although 
some of the costs involved in deploying storage systems might seem prohibitive, the provision 
of financial incentives, grants, etc can boost deployment of hybrid energy storage systems 
(HESS) to promote RE penetration in offgrid communities. 
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